Abstract 19
Insects rely on their innate immune system to successfully mediate complex 20 interactions with their microbiota, as well as the microbes present in the 21 environment. Previous work has shown that components of the canonical 22 immune gene repertoire evolve rapidly and have evolutionary characteristics 23 originating from interactions with fast-evolving microorganisms. Although these 24
interactions are likely to vary among populations, there is a poor understanding 25 of the microevolutionary dynamics of immune genes, especially in non-Dipteran 26 insects. Here we use the full set of canonical insect immune genes to investigate 27 microevolutionary dynamics acting on these genes between and among 28 populations by comparing three allopatric populations of the Green Veined 29
White butterfly, Pieris napi (Linné; Lepidoptera, Pieridae). Immune genes 30 showed increased genetic diversity compared to genes from the rest of the 31 genome and various functional categories exhibited different types of signatures 32 of selection, at different evolutionary scales, presenting a complex pattern of 33 selection dynamics. Signatures of balancing selection were identified in 10 genes, 34 and 17 genes appear to be under positive selection. Genes involved with the 35 cellular arm of the immune response as well as the Toll pathway appear to be 36 enriched among our outlier loci, regardless of functional category. This suggests 37 that the targets of selection might focus upon an entire pathway, more than on 38 functional subsets across pathways. Our microevolutionary results are similar to 39 previously observed macroevolutionary patterns from diverse taxa, suggesting 40
Introduction 44
As one of the most ubiquitous and abundant taxa on Earth, insects occur in a 45 wide variety of environments that contain diverse microbial communities 46 (Costello et al. 2012; Hansen & Moran 2014) . Insects must protect themselves 47 from harmful microbes in their environment (Horrocks et al. 2011) , as well as 48 maintain and regulate their own microbiome for the efficient exploitation of 49 resources (Douglas 2009; Engel & Moran 2013; Broderick 2016) . The ability to 50 effectively do both depends upon the host's immune system (Hooper & 51 Macpherson 2010; Lee & Brey 2013) . Insects must rely on their innate immune 52 system to successfully mediate these complex interactions and these interactions 53 are likely to vary over time and among populations. However, currently we have 54 a poor understanding of the microevolutionary dynamics acting upon the innate 55 immune system outside a few model species of a single order of Insecta (Diptera 56 e.g. Christophides et al. 2002; Lazzaro 2008) . Moreover, even beyond these well-57 studied groups, all microevolutionary studies to date have focused upon subsets 58 of the immune system, rather than the full set of canonical immune genes, 59 complicating general insights into the evolution of canonical immune genes. 60
Here, in order to gain microevolutionary insights into the canonical immune 61 genes, we present the first population genomic study of selection dynamics on 62 the full set of canonical immune genes in the Lepidoptera, one of the few hyper 63 diverse orders of life on earth, containing approximately 7% of all described 64 multicellular animal species (van Nieukerken et al. 2011) . 65 66 Insect immune system genes can be classified into four broad functional 67 categories: pathogen-recognition genes (e.g. PGRPs, TEPs), modulators (e.g. 68 serpins and serine proteases), the genes of the signal transduction pathways 69 (Toll, IMD, JAK-STAT and JNK), and effector genes encoding products that 70 directly interact with microbes (e.g. antimicrobial peptides (AMPs), or defence 71 enzymes (e.g. pro-phenoloxidases or those involved in the production of reactive 72 oxygen species). Activation of the insect immune system begins with the 73 recognition of non-self through the activation of pattern recognition receptors 74 (PRRs), encoded by recognition genes. After recognition of a pathogen, a 75 sequence of modulation and signalling events is initiated. The Toll and IMD 76 pathways are directly involved with the production of AMPs whereas the JNK 77 and JAK/STAT pathway are indirectly involved with the immune response via 78 cellular responses such as phagocytosis and encapsulation. (Lemaitre & 79 Hoffmann 2007) 80
Here we refer to the genes in these different categories as the canonical 81 gene set, as they make up the core components of the innate immune system of 82 invertebrates. To date the immune system genes of 35 Diptera, 4 Hymenoptera, 3 83 Hemiptera, 3 Lepidoptera, and 1 Coleopteran have been characterized (SM: 84 with the recent exception of Early and colleagues (2017), primarily focused upon 137 subsets rather than the full canonical immune gene set. Third, the majority of 138 evolutionary studies of the canonical insect immune system have focused on 139 mosquitoes and fruit flies from the order Diptera. These two model organisms 140 are exposed to very different microbes due to their extreme diets (blood vs. 141 fermenting fruit), which likely impacts their immune system genes. While (Pruisscher et al. 2017 ). This variation in life history makes it an 160 interesting species to investigate local adaptation of the immune system (Porter 161 and Geiger, 1995) . Here, in order to investigate the microevolutionary dynamics 162 in this species, we i) performed gene annotations, ii) generated whole genome 163
Pool-seq data for three populations of P. napi, and iii) used this data to 164 investigate patterns of selection across immune genes both within and among 165 populations of this species, and between related species species. 166
167
Methods 168 169
Gene annotation 170
Here we a draft genome of P. napi, previously only used as a database for 171 identifying < 100 genes for a comparative analysis (Meslin et al. 2017) . As this 172 genome lacks an annotation, we generated a draft annotation using conducted 173 SPALN v2.1.2 (Gotoh 2008) , which is a high performance protein to genome 174 alignment program that is exon boundary aware, with the Danaus plexippus In order to assess the accuracy of the identified immune genes, we 184 implemented a number of validation steps. First, we used tBLASTn (Altschul et 185 al. 1990 ) with the 225 immune proteins to search the genome assembly, 186 extracting hits with E-values < 0.0001 and a bitscore higher than 60. Secondly, 187
we used MESPA to conduct protein searches of the genome for the 225 candidate 188 genes and generate gene models (n=148 were predicted). We then compared the 189 blast hits with the SPALN gene models, to assess gene model accuracy, filter out 190 potential errors, and identify potential duplicates. In addition, protein sequences 191 from the identified gene models were functionally annotated against Uniref90 192 (Suzek et al. 2007 ) (downloaded 18 December 2013) and NCBI-nr databases 193 (downloaded 29 October 2015) using BLASTP (thresholds: bitscore > 60 and E-194 value < 0.0001). As a last quality control step, each immune gene model was 195 manually curated for exon boundaries, reading frame and read depth using IGV 196 (Robinson et al. 2011) . In order to be confident in our gene models, average read 197 depth per exon was calculated using coverageBed from Bedtools2 (Quinlan & 198 Hall 2010), and compared to the coverage of the genome-wide genes. Immune 199 genes that exhibited a read depth lower than were excluded from further 200 analysis. These approaches resulted in a total of 136 immune-related genes 201 identified in the genome, of which 25 were partially reconstructed (SM : Table  202 2,3). 
Sex vs autosomal 277
We investigated whether the significant outliers found in the outlier analysis 278 were due to the lower average nucleotide diversity present on sex chromosomes 279 as these differ in effective population size and inheritance (Charlesworth et al. 280 1987) . We used three steps to identify which genes were located on the sex- alignments were filtered on a bitscore >60, and E-value <0.0001, and we only 288 considered the location of the genes to be valid when both the P. napi scaffolds 289 and the B. mori protein set were in concordance. Finally, we performed a 290 permutation test using R to control for differences in subset size, since only 10 291 immune genes were found to be on the sex chromosome. We estimated the 292 average nucleotide diversity of 10,000 sets of 10 randomly sampled autosomal 293 immune genes, and compared this distribution of means to the mean of the 10 294 sex-chromosomal immune genes. program specifically designed to handle pooled-sequencing data, Pool-HMM 342 (Boitard et al. 2012 (Boitard et al. , 2013 . The Pool-HMM parameter of "--theta" was set to be 343 the genome-wide average θ for the coding regions estimated for each population. 344
The sensitivity parameter (-k) was run from the conservative k=0.001 to the 345 lenient k=0.0000000001, to enable us to find potential selective sweep in well 346 supported regions. 347
348
Results 349 350
Genome assessment and annotation 351
The P. napi genome assembly (7,829 scaffolds, N50 = 300,294) was reported to 352 contain a conserved single-copy ortholog content of 78% using CEGMA (Meslin 353 et al. 2017) . Here this was further assessed by quantifying the content of 354 complete BUSCO arthropod genes, which was 74% (SM: Table 5) Nucleotide diversity (π), averaged across all gene models for each of the three 366 populations, ranged from 0.034 to 0.035 at synonymous sites (πSS) and 0.002 to 367 0.003 at non-synonymous sites (πNS) (SM: Table 6 and 7). Nucleotide diversity in 368 immune genes was significantly higher than the genome-wide average for all 369 three populations (Figure 1) , showing a 20% excess in πSS and up to 50% in πNS 370 (Table 1) . This was further supported by the permutation analysis, where the πNS 371 and πSS averages of the immune genes were located in the outermost 97.5th 372 percentile of the distribution of the 10,000 sampled means, indicating a 373 significantly higher nucleotide diversity for the immune genes ( Figure 3) . In 374 addition, immune gene categories differed significantly from each other, driven 375 by significantly lower πNS and πSS in signalling genes and higher πNS in effector 376 genes (Table 3) . Populations did not differ significantly from each other in their 377 immune gene nucleotide diversity ( Table 2 ). In summary, nucleotide diversity 378 differed between the functional classes of immune genes but not between 379 populations, with effector genes exhibiting the highest diversity. Table 6 ). Tajima's D values for the immune genes 383 (SM: Table 7 ) did not differ significantly from the genome-wide means (Table 1) . 384
This was further supported by the permutation analysis, where for all three 385 populations the TajDSS and TajDNS averages of the immune genes were located 386 outside the 2.5th percentile borders of the distribution of the sampled means, 387
indicating that these did not significantly differ from the genome-wide averages 388 ( Figure 3 ). Comparing the populations did not reveal any significant differences 389 (Table 2) . While there were no significant TajDSS differences between the gene 390 categories, TajDNS values did differ between the different immune gene 391 categories, with signalling genes exhibiting significantly more negative values 392 compared to the other categories (Table 4 ). In summary, TajDNS values did differ 393 between the immune gene categories, but not between populations, and overall 394 immune genes showed no significant difference from the genome-wide TajD. 395
396
Within population analyses 397
Using the empirical null distribution of the values from the 11,240 gene models, 398 we identified outliers for π and TajD. A total of 22 immune genes were π-outliers, 399 of which seven were recognition genes, five modulation genes, three signalling 400 genes, and seven effector genes (Table 5) The 10 immune genes found on the sex chromosome showed lower nucleotide 415 diversity, but this pattern was only significant for Abisko & Aiguamolls πSS and 416
Aiguamolls πNS (SM: Figure 1 ). However, none of the previously discussed 417 nucleotide diversity outlier genes were on the sex chromosome. 418
For all three populations, the TajDNS and TajDSS averages of the 10 sex-419 linked immune genes were located outside the 2.5th percentile borders of the 420 distribution of the sampled means, indicating that these 10 sex-linked genes did 421 not significantly differ from autosomal immune genes. SNPs across 58 genes. Significantly more candidate SNPs were found in 445 recognition and effector genes, while fewer SNPs were found in modulation and 446 signalling genes than expected (Chi 2 =106.769, df=4, p<0.0001, SM: Table 9 ). 447
When comparing the different signalling pathways, the genes of the JAK/STAT 448 pathway contained significantly more SNPs than expected (Chi 2 =115.661, df=7, 449 p<0.0001, SM: Table 10 ), indicating that the pattern of underrepresentation of 450 signalling genes is driven by genes encoding for Toll, IMD and JNK. 451 452
Species level selection dynamics 453
Using the closely related species P. rapae and P. brassicae as outgroups, and 454 variation in the Abisko population of P. napi as the polymorphism data, we 455 performed McDonald-Kreitman tests on 83 immune genes. We found 17 genes 456 (FDR ≤ 0.05) that significantly deviate from neutral expectations, all with an NI < 457 1, indicating that these genes are under selection ( Table 7, Here we report the first population genomic analysis of the canonical immune 467 genes in Lepidoptera, investigating evolutionary dynamics both within and 468 among populations, and between species. We found that all populations of P. 469 napi exhibit consistent patterns of increased genetic variation in immune genes 470 compared to the rest of the genome, which is driven primarily by recognition, 471 modulation, and effector genes. Furthermore, we revealed population specific 472 patterns of both directional and balancing selection dynamics, in genes of 473 various categories and at different evolutionary scales, presenting a complex 474 pattern of selection dynamics acting across functional categories. However, 475 genes involved with the cellular arm of the immune response as well as the Toll 476 pathway appear to be enriched among these outlier loci. 477 478
Nucleotide diversity across immune genes 479
We observed an increased level of nucleotide diversity, especially in immune 480 genes involved with recognition, modulation & effectors of P. napi compared to 481 the genome-wide average, consistent with previous findings in Diptera (Begun & Although an excess of functional non-synonymous polymorphism and 534 synonymous polymorphism at nearby neutral sites is consistent with long-term 535 balancing selection, validations using trans-species polymorphisms 536 (Charlesworth 2006 ) and functional assays are needed to identify if this 537 increased nucleotide diversity is predictive for increased resistance to bacteria. 538 (Storz & Wheat 2010) . the target of (balancing) selection is a NS mutation that has recently increased in 556 frequency, without time for SS difference to be accumulated between the 557 maintained variant alleles (SM: Figure 2 ). Although this pattern was not 558 identified in Drosophila, lysozyme appears to be under balancing selection in 559
Apis mellifera (Harpur and Zayed, 2013) , highlighting the need for more data 560 from more species to assess whether this gene family could frequently be a 561 target of selection among insects. 562
Outlier analyses using nucleotide diversity revealed an unexpected 563 pattern of high NS in the AMP Gallerimycin within the Kullaberg population. 564
Closer investigation revealed excessive linkage among four closely linked NS 565 variants, which appear at roughly 50% frequency in the sample, along with very 566 low frequency SS variation within one of the haplotype groups. Although these 567 patterns suggest strong balancing selection at this locus, there is a potential for 568 two recently diverged loci to have their alleles mapping to this one locus. 569
However, this appears to be unlikely. First, this is not observed in the other 570 populations and the read depth was consistent with a single locus. Second, we 571 would expect two such loci that differ by four NS sites to also differ by several SS 572 sites, given the NS divergence. This suggests that our observation is indeed an 573 outlier locus of excess NS diversity, and a target of balancing selection. 574
Gallerimycin is an antifungal defensin-like peptide, similar to Drosophila 575
Drosomycin (Schuhmann et al. 2003 ). This antifungal AMP was found to be 576 ineffective in D. melanogaster against the generalist insect pathogens 577
Metarhizium, potentially as a result of strong selective pressure for resistance 578 against this AMP (Lu et al. 2015) . While it is difficult to interpret our results in 579 relation to the as-of-yet unknown natural pathogens and their interaction 580 virulence proteins, it is possible that the pattern of excess NS diversity is a 581 consequence of selection acting between fungal pathogens and AMPs. 582
In addition to the effector molecules discussed above, three recognition 583 genes linked to the cellular arm of the immune response, FREP and Galectin3 in 584 Abisko, and SCR-B2 in Kullaberg (Wang et al. 2005; Hanington et al. 2010) , 585 showed signatures of balancing selection. However, the recognition genes 586 identified in our study, to our knowledge, have not been previously found to be 587 under balancing selection in other insects, although cellular recognition genes 588 appear to be a frequent target of positive selection in Drosophila, suggested to be 589 a result of molecular interactions between host and pathogens (Sackton et al. 590 2007) . Overall, the results of the outlier analysis suggest that population specific 591 selection dynamics exist, and short-term balancing selection might be a more 592 common mode of selection in immune genes than previously thought. 593
Sex-linked bias 595
Kullaberg shows the most population specific outlier genes. However, this 596 library was constructed from only males, which is potential confounding factor. 597
Since sex chromosomes have an overall lower nucleotide diversity due to their 598 lower effective population size and limited recombination, there was a potential 599 for a sex-linked bias when identifying outliers of low nucleotide diversity or 600 skewed Tajima's D, where patterns of selection could be driven by chromosomal 601 properties, rather than potential selection on immunity. However, only ten of the 602 studied immune genes were located on the sex chromosome, and none of these 603 were identified as significant outliers for reduced nucleotide diversity. Thus, a 604 sex-linked bias on our observed patterns is unlikely and the outliers found in the 605 Kullaberg population, which consisted of only males, are driven by something 606 else than sex-linked bias. 607 608
Study limitations 609
Our study had several limitations due to the high heterozygosity within our 610 species. First, the assembly used was fragmented. However, it had a high BUSCO 611 gene content and were able to identify and annotate coding regions for a large 612 fraction of the genome and the canonical immune genes in particular. However, 613 our annotation relied upon the use of SPALN2 (Iwata & Gotoh 2012) . Although 614 SPALN2 exhibits excellent performance in generating genomic annotations using 615 proteins from divergent species, our annotations have room for improvement 616 using RNA-Seq data from Pieris and traditional annotation pipelines such as 617
Maker (Holt & Yandell 2011) . Nevertheless, we have confidence in the over 618 10,000 gene models generated and all our analysis were performed only within 619 their coding regions to ensure high confidence, with the trade-off that non-620 coding genomic regions were not studied, nor was the potential role of immune 621 genes being clustered assessed. Second, our Pool-seq data does not allow us to 622 look at recombination and linkage disequilibrium aspects of the site frequency 623 spectrum. Given that chromosomal rearrangements and recombination rates 624 butterflies are more than an order of magnitude higher compared to Drosophila 625 Furthermore, all three populations showed an overall negative genome-634 wide Tajima's D distribution, suggestive of population bottleneck events in the 635 past, some of which could have been shared. While we have tried to minimize the 636 confounding effect of demography in our tests of selection (e.g. outlier analysis 637 and MK tests), such bottleneck effects could interact with the hitchhiking of 638 deleterious alleles to inflate our identified candidates for selection (e.g. Fay 639 2011). Thus, as in all molecular tests of selection, demographic effects could 640 account for some fraction of these patterns. In such light, the overlap of our 641 candidate genes with previous findings could be indicative of wide-spread 642 deleterious mutational effects on, or the functional importance of, these classes 643 of genes. 644 A final consideration is the general lack of good annotations for these 645 phenotypic level responses, which is common in non-model organisms. This 646 impedes attempts at understanding the selection dynamics at work. Here, the 647 gene function of proteins was determined based on homology inference and P. 648 napi lacks experimental studies confirming their direct role in its immune 649 system, a limitation that is common for many genomic studies. Nevertheless, by 650 using several tests to infer evolutionary forces acting on immune genes, our 651 population genomic approach provides a new level of understanding for the 652 scale at which selection dynamics interact with the insect immune system. 653
654
Conclusions 655
In summary, immune genes exhibited a general pattern of increased genetic 656 diversity compared to the rest of the genome, primarily driven by recognition, 657 modulation and effector genes. While evidence of directional and balancing 658 selection was found across functional categories, findings could be grouped as 659 being involved primarily with the cellular response and Toll signalling. These 660 findings support the following conclusions. First, although the pathogens 661
Lepidoptera encounter compared to Diptera likely differ due to their respective 662 diets and niches, the overall findings for P. napi are very consistent with the 663 previous literature. Second, this suggests that either the immune system is 664 robust to the level of microbial differences between these Orders, or the 665 generalist microbes encountered are simply similar from the immune system 666 perspective. Third, the microevolutionary dynamics we observe here are 667 consistent with the previously observed macroevolutionary patterns, suggesting 668 that variable microevolutionary dynamics give rise to a stable 669 macroevolutionary pattern across Insecta. 670 671 672
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